Simple Summary: Our results suggest that maternal consumption of total sulfur amino acids exceeding the NRC 2012 recommendations by 25% during late gestation and lactation benefits sow productivity and piglet neonatal performance. Moreover, increased consumption of sulfur amino acids by both sows and post-weaned piglets improved their ability to counteract the adverse effects by lipopolysaccharide (LPS) exposure. In addition, OH-Met showed a better response than DL-Met in both neonatal and weaned piglets. Taken together, our findings indicate that it might be necessary to update the recommendations for sulfur amino acids for gestating and lactating sows. Attention should also be given to sulfur amino acids supply during an inflammatory challenge as often encountered by piglets early in life.
Introduction
Livestock husbandry practices have prompted an expanded use of synthetic amino acids in animal diets to enhance the performance and carcass quality of livestock, as well as to minimize the environmental impact caused by nitrogen excretion [1] [2] [3] [4] . This is true for methionine, which is an essential amino acid for all livestock species, and it is the first limiting amino acid in diets for poultry and the second or third limiting amino acid in the corn-soybean meal diets for pigs [5, 6] . Methionine is not only used for protein synthesis, but it is also involved in the methylation reactions of DNA [7, 8] and in choline metabolism [9, 10] . Methionine plays a role in antioxidant defense and acts as the precursor for bioactive compounds such as glutathione (GSH) and taurine [11, 12] .
Conventional sources of supplemental methionine used in animal feeds are either DL-methionine (DL-Met) or 2-hydroxy-4-methylthiobutanoic acid (OH-Met) [13] . Although these two compounds both provide L-methionine to various animal species, they are chemically different; OH-Met has a hydroxyl group at the asymmetric carbon atom, whereas DL-Met has an amino group. This chemical difference results in numerous differences with respect to the chemistry, absorption, transport in the body and metabolism by tissues [13] . Indeed, DL-Met is absorbed by active transport, whereas, OH-Met was absorbed by both active transport (Monocarboxylate transporter 1) and passive diffusion [14] . A previous study showed that increased consumption of methionine as OH-Met increased milk fat, lactose, cysteine, and taurine concentrations in OH-Met diet-fed sows [15] . The body weight of suckling piglets at two weeks of age in the OH-Met group was higher than that of the control group and tended to be higher than that of the DL-Met group [16] . However, there is a lack of studies for sows during late gestation regarding the efficacy of OH-Met as a source of methionine relative to DL-Met.
In addition, weaning, when performed at very young age, is a period of physiological stress for piglets that predisposes them to enteric disease caused by pathogens such as Escherichia coli 0149 [17] . During E. coli infection, the bacterial endotoxin lipopolysaccharide (LPS) activates cells of the innate immune system leading to inflammation. Prolonged and/or excessive inflammation caused by stimulants such as LPS can adversely affect animal productivity by inducing muscle catabolism, anorexia and oxidative stress that is damaging to various organs [18] . According to previous reports, the demand for sulfur amino acids (SAAs), most notably cysteine, increases during immune responses [19, 20] . Methionine is a precursor of cysteine and a potent antioxidant and immunity regulator [21, 22] . Also, supplementing sow diets with extra methionine above the recommendations during gestation and lactation may provide additional methionine to piglets via the placenta and milk. Therefore, we hypothesized that supplementing methionine above the recommendations in the diets of sows during gestation and lactation could help their progeny counteract the adverse effects of oxidative stress and inflammation induced by LPS. In addition, with regards to the previous studies [15, 16] , we hypothesized that the better transulfuration obtained with OH-Met could lead to better results in comparison to DL-Met.
This study first aimed to compare the effects of an increase in dietary methionine as OH-Met or DL-Met on the performance of sows and their progeny during gestation and lactation. The second objective of this study was to assess the effects of LPS-induced inflammation and oxidative stress on piglets' responses when they were fed increased levels of total SAAs, through either DL-Met or OH-Met diets, for a prolonged period of time during the post-weaning period.
Materials and Methods

Animals, Treatments and Sample Collection
Our animal protocol was approved by the Institutional Animal Care and Use Committee of Huazhong Agricultural University, China (ethical approval code (if they do not have the code but you saved the file they sent to you, it is also fine to leave it like this)). In total, 30 primiparous sows (Landrace × Yorkshire) were randomly allocated to three treatment groups (n = 10 pens/treatment, 1 sow/pen) on gestation d 85 based on their body weight and backfat thickness (Supplemental Figure S1 ). Each sow was housed in a gestation crate from day 85 to 110 then in farrowing crate from day 110 of gestation to day 21 of lactation. Sows during gestation were allowed free access to water and mash feed; Sows were fed 1.0 kg feed at the first day of lactation, and feed was increased by 1.0 kg every day until day 7 of lactation. Free access to feed was given from 8 to 21 days of lactation. The control group of sows was fed a corn/soybean-control diet (CON) formulated to meet the nutritional requirements of sows (NRC, 2012, Table 1 ). The other two groups of sows were fed the control diet supplemented with either DL-Met (Rhodimet NP99 Adisseo, Antony, France) or OH-Met (Rhodimet AT88 Adisseo, Antony, France) at 25% above the total SAAs present in the control diet. The dose was chosen based on previous studies that reported that a dietary supplementation of an additional 25% total SAAs (TSAAs) during lactation improved the milk quality of sows and the antioxidant capacity of their progeny [15, 16] . Within 12 h of farrowing, all litters were standardized to have 10 piglets per sow according to the average body weight of the piglets. Body weight and feed intake data of sows and their progeny were measured by a weighbridge during gestation and lactation. The backfat thickness of sows was measured 65 mm from the left side of the dorsal midline at the last rib level (P2) using an ultrasound (Lean-Meater, Renco, MN, USA) [16] . Blood was collected from the anterior vena cava of sows and piglets that were feed-deprived overnight for 8 h on gestation d 85 and lactation d 0 and 14. The plasma was prepared by centrifugation in heparinized tubes at 1000× g for 15 min at 4 • C and stored at −80 • C [22] . Colostrum was collected from each sow within 4 h of farrowing of the first piglet; milk was also collected from each sow after being feed-deprived overnight for 8 h on lactation day 14, as described previously [16] ; the milk was stored at −80 • C before use.
On day 21, piglets were weaned, and piglets from the same sow were kept in a pen (Supplemental Figure S1 ). Piglets were not castrated. Piglets from the CON group of sows were fed antibiotic-free control diet (CON) formulated to meet their nutritional requirements (NRC, 2012, Table 1 ). Piglets from the DL-Met or OH-Met groups of sows were fed the CON supplemented with either DL-Met (DL-Met) or OH-Met (OH-Met) at 25% above the total SAAs present in the CON. The body weight of piglets was measured by a weighbridge at day 21 and 35. Piglets were allowed free access to the mash feed and water. Feed intake was measured for the 21-35 d period.
On the morning of day 35, 60 male piglets from the three dietary treatments (20 piglets/treatment) were selected according to their body weight (Supplemental Figure S1 ). The initial body weights of the piglets were standardized and did not significantly differ among the 6 groups. They were divided into 6 groups (n = 10/group) for a 3 × 2 factorial design trial that included the dietary treatments (CON, DL-Met and OH-Met) and immunological challenge (saline vs. LPS (100 µg/kg BW, E. coli 0111: B4, Sigma)) by intraperitoneal injection. The dose of LPS was chosen in accordance with previous studies [23] . Blood was obtained from all piglets at 0 h pre-challenge and 4, 12, and 24 h post challenge to assess the acute phase response. Then, the piglets from the 6 groups (n = 5 pens/groups, 2 piglets/pen) were allowed free access to the same mash diets as before the immunological challenge for 4 weeks. The body weight and feed intake were measured biweekly from day 35 to day 63. 
Milk Composition and Amino Acid Analysis
The concentrations of fat, lactose, protein, and nonfat solid in milk were analyzed using an ultrasonic milk analyzer (MILKYWAY-CP2; Hangzhou Simple Technology Company, Limited, Hangzhou, China) as described previously [15] . The free amino acid concentration in milk was measured, as described previously [24] . Briefly, 1.0 mL milk was mixed with 1.0 mL n-hexane and centrifuged at 12,000× g for 5 min at 4 • C to remove fat. Then, 1.0 mL of the lower layer liquid was thoroughly mixed with 1.0 mL 5.0% sulfosalicylic acid and centrifuged at 12,000× g for 15 min at 4 • C to remove proteins. Finally, the supernatant was collected and filtered using a 0.22 µm millipore filter for free amino acid analysis using the Sykam S-433D automatic amino acid analyzer according to the ninhydrin postcolumn derivatization method.
Plasma Biochemical and Antioxidant Parameter Analysis
The concentrations of interleukin-1 beta (IL-1β), interleukin-6 (IL-6) and tumor necrosis factor-a (TNF-a) in plasma were measured using an ELISA kit with catalog numbers PLB00B, P6000B, and PTA00 from R&D Systems (USA). The concentrations of total protein (TP), albumin (ALB) and total bilirubin (TBIL) and activities of alanine aminotransferase (ALT) and aspartate aminotransferase (AST) were measured using a colorimetric method with specific assay kits (A045-2, A028-1, C019-1, C009-2 and C010-2) from the Nanjing Jiancheng Bioengineering Institute of China [25, 26] . The activities of glutathione peroxidase (GPX) and total antioxidant capacity (T-AOC) and concentrations of GSH, glutathione disulfide (GSSG) and malondialdehyde (MDA) were measured using a colorimetric method with specific assay kits (A005, A015-1, A006-1, A061-2, and A003-1) from the Nanjing Jiancheng Bioengineering Institute of China [27] .
Statistical Analyses of Results
Statistical analysis was performed using XLSTAT (Version 2015.3.01.19199). Growth performance data, backfat thickness and litter size generated from the sows and progeny during the lactation period were analyzed by one-way ANOVA using the Equation (1).
where Y ij = the response variable for treatment i, X i = treatment effect (i = CON, DL-Met, OH-Met), j being the experimental unit number, ε ij = residual of the model. An ANCOVA model was applied to body weight data generated during the LPS challenge, taking the treatments (CON, DL-Met, OH-Met) and the challenge (saline vs. LPS) as qualitative variables and the body weight at d 35 as a quantitative variable, according to Equation (2):
where Y ijk = the response variable for treatment i, challenge j and the initial body weight k; X i = treatment effect (i = CON, DL-Met, OH-Met), Z j = challenge effect (j = LPS, Saline); BW k = the body weight for the kth individual at 35 days old; XZ ij is the interaction between the treatment and the challenge, ε ijk = residual of the model. The growth performance data and biochemistry data generated during the challenge were submitted to a two-way ANOVA using the following model described in Equation (3):
where Y ijk = the response variable for treatment i, challenge j; X i = treatment effect (i = CON, DL-Met, OH-Met), Z j = challenge effect (j = LPS, Saline; XZ ij is the interaction between the treatment and the challenge, ε ij = residual of the model. p ≤ 0.05 was considered significant, and p ≤ 0.10 was considered to have a tendency toward difference. If there was a significant effect, a Tukey test was used for post hoc comparisons of means. Results were presented as means with SEM. Table 2 1 Values are means ± SE, n = 10. Labeled means in a row with unlike superscript letters were significantly different by Tukey test (p < 0.05). * , †, #, + Different by Tukey test: * p = 0.10; † p =0.03; # p = 0.10; + p = 0.09. CON = control diet; DL-Met = CON supplemented with DL-Met at 25% above the total sulphur amino acids present in the control diet; OH-Met = CON supplemented with OH-Met at 25% above the total sulphur amino acids present in the control diet. 2 Piglets were weaned at 21 d. They were fed with post-weaning diets according to their maternal feeding until day 35.
Results
Performance of Sows and Piglets during the Late Gestation Phase, throughout the Lactation Phase and Day 21 to 35
The piglets' body weights at birth was not significantly different between the three treatments (Table 2) . However, during lactation day 0-7, OH-Met increased the body weight gain of piglets (p = 0.10) by 62% in comparison to the CON. During lactation day 7-14, in comparison to the CON, DL-Met resulted in a 55% increase in piglet body weight gain, whereas OH-Met treatment resulted in a 63% increase. No significant effect of the treatments was observed on piglet mortality during the lactation period. At 35 d old, after two weeks of post-weaning feed supply, the piglets' body weight, feed intake and feed conversion ratio were not significantly different between treatments. However, OH-Met tended (p = 0.09) to increase body weight in comparison to the CON (Table 2) . Compared with the CON, DL-Met, and OH-Met enhanced (p ≤ 0.05) the milk free amino acid concentrations of cystine, glutamic acid, isoleucine, leucine, lysine, methionine, threonine, tyrosine, α-amino-n-butyric acid, β-amino-isobutyric acid, and taurine and decreased (p ≤ 0.05) ornithine and 3-methyl histidine concentrations at lactation d 0 and/or 14 ( Table 4) . Compared with the DL-Met group, the OH-Met group had greater (p ≤ 0.05) milk free amino acid concentrations of cystine, isoleucine, leucine, lysine, methionine, tyrosine, and α-amino-n-butyric acid but lower (p ≤ 0.05) ornithine and β-amino-isobutyric acid concentrations at lactation d 0 and/or 14 ( Table 4 ). In contrast, the rest of the free amino acid concentrations in the milk of sows at the assayed time points were not affected by the dietary methionine supplementation (Supplementary Table S1 ). 
Performance of Piglets after LPS Challenge from 35 to 63 Days Old
The growth performance of the piglets was significantly affected by the LPS challenge, diet, or their interaction (Table 5 ). The 6 groups had similar standardized initial body weight of piglets. Compared with the saline injection, the LPS challenge decreased body weight gain (p ≤ 0.05) and feed intake (p ≤ 0.05) and tended to decrease the gain-to-feed ratio (p ≤ 0.10) of piglets from day 35 to 49 and from day 49 to 63, respectively. Notably, the changes in the growth performance variables with the LPS challenge were attenuated (p ≤ 0.05) in piglets fed DL-Met and OH-Met compared to pigs fed the CON. Piglets fed increased levels of SAAs had higher body weight, body weight gain and gain-to-feed ratios than piglets fed the CON (p < 0.05) under the LPS challenge. The highest performance was obtained with OH-Met. 1 Values are means ± SE, n = 5. a-b Labeled means in a row with unlike superscript letters were significantly different (p < 0.05). CON = control diet; DL-Met = CON supplement with DL-Met at 25% above the total sulphur amino acids present in the control diet; LPS = lipopolysaccharide; OH-Met = CON supplement with OH-Met at 25% above the total sulphur amino acids present in the control diet.
Plasma Biochemistry of Piglets after LPS Challenge
The plasma biochemical variables of the piglets were significantly affected by the LPS challenge, diet, or their interaction (Table 6 ). Compared with the saline injection, the LPS challenge led to increased (p ≤ 0.05) activity of AST and concentration of TBIL and decreased (p ≤ 0.05) concentrations of ALB and TP in plasma at 4, 12, and/or 24 h post-LPS challenge. Meanwhile, the LPS challenge led to increased plasma levels of pro-inflammatory cytokines IL-1β, IL-6 and TNF-a at 4 h post-LPS challenge compared with the saline-treated group. Changes to most of these plasma biochemical variables due to the LPS challenge were alleviated in piglets fed DL-Met or OH-Met compared to pigs fed the CON. Piglets fed OH-Met exhibited similar values as the CON for some plasma biochemistry variables in comparison to piglets fed DL-Met at various time points after the LPS challenge. 1 Values are means ± SE, n = 5. a-b Labeled means in a row with unlike superscript letters were significantly different (p < 0.05). ALT = alanine aminotransferase; ALB = albumin; AST = aspartate aminotransferase; CON = control diet; DL-Met = CON supplement with DL-Met at 25% above the total sulphur amino acids present in the control diet; IL-1β = interleukin-1 beta; IL-6 = interleukin-6; LPS = lipopolysaccharide; OH-Met = CON supplement with OH-Met at 25% above the total sulphur amino acids present in the control diet; TBIL = total bilirubin; TP = total protein; TNF-a = tumor necrosis factor-a.
Plasma Antioxidant Parameters of Piglets after LPS Challenge
The plasma antioxidant variables of the piglets were significantly affected by the LPS challenge or diet (Table 7) . Compared with the saline injection among pigs fed the CON, the LPS challenge led to decreased (p ≤ 0.05) activities of T-AOC (27.0-36.0%) and GPX (~15.7%), and an increased (p ≤ 0.05) MDA (36.8-57.9%) concentration in plasma at 12 and/or 24 h post-LPS challenge. Notably, changes to plasma T-AOC and GPX activities due to the LPS challenge were prevented (p < 0.05), but the MDA concentration was not alleviated in piglets fed DL-Met and OH-Met. 1 Values are means ± SE, n = 5. a-b Labeled means in a row with unlike superscript letters were significantly different (p < 0.05). DL-Met = CON supplement with DL-Met at 25% above the total sulphur amino acids present in the control diet; GPX = glutathione peroxidase; GSH = glutathione; GSSG = glutathione disulfide; LPS = lipopolysaccharide; MDA = malondialdehyde; OH-Met = CON supplement with OH-Met at 25% above the total sulphur amino acids present in the control diet; T-AOC = total antioxidant capacity.
Discussion
The present study shows that maternal and neonatal methionine supplementation, particularly in the form of OH-Met, during late gestation, lactation, and postweaning, can improve the performance of sows and their progeny. Dietary supplementation of both DL-Met and OH-Met did not affect body weight, backfat thickness, feed intake and litter size at birth for the sows, but OH-Met supplementation reduced the loss of body weight and backfat thickness of sows during lactation. A previous study also showed that dietary supplementation of DL-Met and OH-Met during lactation did not affect the body weight and backfat thickness of sows, but the loss of body weight and backfat during lactation was not calculated [15] . Because loss of body weight and backfat during lactation reduces subsequent reproductive performance [28, 29] , the present study offers the first evidence that dietary supplementation of OH-Met during later gestation and lactation benefits body energy metabolism and can potentially improve the reproduction of sows. Likewise, dietary supplementation of DL-Met and(or) OH-Met increased the body weight gain of piglets during day 0-7 and day 7-14. These outcomes were similar to a previous study, in which dietary supplementation of OH-Met during lactation increased the body weight of piglets at day 14, while DL-Met supplementation did not affect piglet body weight [15] . This discrepancy could be attributed to the different dietary methionine supplementation period. Indeed, dietary supplementation of both DL-Met and OH-Met increased milk protein, lactose, and/or nonfat solid at lactation day 0, but only OH-Met supplementation increased milk protein, lactose, and nonfat solids at lactation d 14; these results are similar to those of previous studies performed in cows and sows [15, 30, 31] . Supplementation of methionine increased milk quality and may be associated with the mechanisms: (1) methionine supplementation increased the level of arterial concentrations of methionine, which improved the amino acid supply to the mammary gland for milk synthesis [31] ; (2) the HMTBA potential increase the blood flow may also contribute to increased milk production [15] ; (3) increasing milk lactose and protein levels positively correlates with milk yield [32] . These data indicate that maternal dietary methionine supplementation might improve the body weights of piglets.
Thirteen free amino acids present in milk were affected by maternal dietary methionine supplementation. Among them, five essential amino acids (isoleucine, leucine, lysine, methionine, threonine) and a nonessential amino acid (tyrosine) are used by cells to synthesize proteins and play important roles in the activation of protein biosynthesis [33] . Thus, increasing these amino acids in the milk by maternal dietary DL-Met or OH-Met supplementation could contribute to increasing the body weight gain of piglets. The increased concentrations of these amino acids were associated with a decrease of glutamic acid in milk in the DL-Met and OH-Met groups. The lower milk concentration of glutamic acid in the DL-Met and OH-Met groups was the result of the lower levels of glutamic acid in sows' plasma (data not shown). Glutamic acid is known to be the major fuel of the gut, which means that a higher proportion of glutamic acid was metabolized by the intestine in the first-pass [34] . Therefore, the increase in glutamic acid catabolism might have reduced the catabolism of dietary-essential amino acids as energy substrates for the intestinal mucosa, thus explaining the increased concentrations of amino acids in sows' plasma and milk, as shown in multicatheterized piglets [34] . However, lower milk glutamic acid levels at lactation day 14 in the DL-Met and OH-Met groups might also compromise the benefits of the improved milk quality on growth performance for piglets. Indeed, the body weight gain of piglets during day 14-21 did not increase in the DL-Met and OH-Met groups in the current study. Nevertheless, the mechanism of Met increases glutamic acid catabolism in the gut and needs to be further explored. In addition, 3-methyl histidine, a muscular proteolysis marker [35] , was reduced in the milk of sows in the DL-Met and OH-Met groups, which indicated less muscle wasting in sows of the DL-Met and OH-Met groups relative to those of the CON group. These results might potentially explain the lower losses of body weight and backfat thickness of sows during lactation in the dietary OH-Met supplementation group. However, since dietary DL-Met supplementation had the same effects on milk glutamic acid and 3-methyl histidine as OH-Met without significantly affecting body weight and backfat thickness of sows during lactation, this finding would need to be further explored in additional studies.
Maternal dietary DL-Met and/or OH-Met supplementation also increased free amino acids in milk that were associated with redox control (cystine and taurine), which might enhance the ability of piglets to cope with stress [36] . Additionally, maternal dietary methionine supplementation increased free amino acids in milk that play roles in the nonribosomal peptide synthases (α-amino-n-butyric acid) and cell metabolism (β-amino-isobutyric acid) and decreased free amino acids in milk that play roles in the urea cycle (ornithine) [1, 37] . The actual contribution of these alterations to amino acids in milk on the performance of sows and piglets still need to be further studied.
Another novel finding in the current study was that methionine, particularly in the form of OH-Met, alleviated LPS-induced adverse effects in piglets. The LPS challenge reduced body weight gain, feed intake and feed utilization efficiency throughout the study in piglets, in accordance with earlier studies [38] . Strikingly, changes to these growth performance variables due to the LPS challenge were alleviated by dietary OH-Met supplementation, while only the changes to the gain-to-feed ratio during d 49-63 due to the LPS challenge were mitigated by dietary DL-Met supplementation. Moreover, the LPS challenge induced hepatic injury and inflammatory reactions that included increased AST activity and TBIL concentration and decreased ALB and TP concentrations in plasma at 4, 12 and/or 24 h post-LPS challenge; the plasma levels of pro-inflammatory cytokines IL-1β, IL-6 and TNF-a were also increased at 4 h post-LPS challenge. These outcomes were in accordance with previous studies [39] [40] [41] [42] . Interestingly, methionine supplementation attenuated the plasma biochemistry changes induced by the LPS challenge, and piglets fed OH-Met displayed a stronger ability to mitigate these plasma biochemistry changes relative to piglets fed DL-Met. Furthermore, consistent with previous studies [18, 43] , the piglets challenged by LPS in this experiment experienced oxidative stress, as indicated by the reduction of antioxidant capacity (GPX and T-AOC) and increased lipid peroxidation (MDA), whereas dietary supplementation of both DL-Met and OH-Met prevented these changes in GPX and T-AOC. Meanwhile, piglets in the DL-Met and OH-Met groups fed milk and diets with higher cystine, taurine and methionine experienced enhanced antioxidant capacity [15, 16] . Taken together, these outcomes agree with previous studies, which reported that LPS challenges reduce piglets' growth performance in association with inflammation and oxidative stress. However, dietary methionine supplementation, especially in the form of OH-Met, showed protective actions against LPS-impaired growth performance in piglets, which was associated with an enhancement of immune function and antioxidant capacities.
Conclusions
Maternal and neonatal methionine supplementation during late gestation, lactation and postweaning improved the performance of sows and their progeny. This was mainly associated with improved milk quality, along with increased essential (isoleucine, leucine, lysine, methionine, threonine) and reduction-oxidative control (cystine and taurine) amino acids and decreased energy (glutamic acid) and muscular proteolysis markers (3-methyl histidine) amino acids in milk. Moreover, prolonged supplementation of methionine in the postweaning diet of the progeny improved their ability to counteract LPS-induced negative effects, which may be due to the enhancement of anti-inflammation and antioxidant capacities of piglets. Finally, better results were obtained with dietary supplementation of OH-Met in comparison to DL-Met for most of these variables, which indicates that OH-Met might be a better methionine source than DL-Met for pig production. This novel finding indicated that the current methionine requirement from NRC (2012) may be underestimated and could have meaningful impacts on swine nutrition and health. 
